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Abstract

:

In recent times, the applications of fiber-reinforced recycled aggregate concrete (FRAC) in practical engineering have gained greater popularity due to its superior mechanical strength and fracture properties. To apply FRAC in buildings and other infrastructures, a thorough understanding of its residual mechanical properties and durability after exposure to fire is highly important. According to the established research, the properties and volume fractions of reinforcing fiber materials, replacement levels of recycled concrete aggregate (RCA), and heating condition would affect the thermal–mechanical properties of FRAC. This review paper aims to present a thorough and updated review of the mechanical performance at an elevated temperature and post-fire durability of FRAC reinforced with various types of fiber material, specifically steel fiber (SF), polypropylene (PP) fiber, and basalt fiber (BF). More explicitly, in this review article the residual mechanical properties of FRAC, such as compressive strength, splitting tensile capacity, modulus of elasticity, mass loss, spalling, and durability after exposure to elevated temperatures, are discussed. Furthermore, this study also encompasses the relationship among the dosages of fibers, replacement levels of recycled aggregate, and the relative residual mechanical properties of FRAC that would help in the optimum selection of the fiber content. Conclusively, this study elaborately reviews and summarizes the relevant and recent literature on recycled aggregate concrete containing SF, PP fiber, and BF. The study further provides a realistic comparison of these fibers in terms of the residual mechanical performance and durability of FRAC that would help in their future enhancements and applications in practical engineering.
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1. Introduction


Recently, the employment of fiber-reinforced recycled aggregate concrete (FRAC) in practical engineering has obtained worldwide interest of researchers and industry due to its high mechanical strength and enhanced fracture properties [1,2,3,4]. FRAC is a highly sustainable construction material that helps in the effective utilization of construction and demolition (C&D) waste as recycled aggregate. Moreover, it valorizes recycled concrete aggregate and lowers the consumption of virgin aggregate which thereby helps in the circular economy [5,6,7]. The applications of fiber-reinforced concrete are now gradually shifting to large-scale concrete structures, such as columns and beams, bridge piers, precast concrete segments for tunneling, road pavements, and retrofitting of structural members [8,9,10,11,12,13]. Concrete structures during their service life might be subjected to fire incidents that could adversely affect their structural performance and safety, and may result in structural collapse in severe cases [14,15]. Thus, to use fiber-reinforced concrete in modern-day concrete structures, in-depth knowledge and understanding of its residual mechanical properties and post-fire durability is highly essential.



Fiber addition in concrete composites effectively bridges the microcracks, lowers the stress intensity at the tip of the crack, and controls the crack expansion [16,17]. Consequently, it results in superior mechanical properties of FRAC in terms of increased splitting tensile strength [18,19], high flexural strength [20,21], high shear strength [22,23], improved compressive strength [24,25], high torsional strength [26], high ductility [27], better crack resistance [28,29], and excellent fracture energy and fracture toughness [30]. The residual properties of FRAC after exposure to high temperature greatly depend on the selection of fiber material and its dosage [31,32,33]. In the past, various fibers, such as steel fiber (SF) [34,35] carbon fiber (CF) [36], basalt fiber (BF) [37], polypropylene fiber (PP) [38], and glass fiber (GF) [39], were incorporated to improve crack resistance and fracture parameters of recycled aggregate concrete (RAC) exposed to elevated temperatures. Generally, the addition of these reinforcing fibers significantly enhances the residual properties of concrete and its resistance against explosive spalling at high temperatures [17].



Based on the material properties, the reinforcing fibers are generally divided into high thermally stable fibers with high melting temperature and low thermally stable fibers having low melting temperature [40]. The reinforcing fibers such as CF, SF, and BF belong to high thermally stable fibers and their inclusion in concrete remarkably restrains the generation and propagation of microcracks via the fiber-bridging mechanism and prevents high strength loss in concrete during and after the fire. The PP fiber, polyvinyl alcohol fiber, and polyethylene fiber are called low thermally stable fibers which melt at elevated temperatures and thus provide pathways to the escape of water vapors. By virtue of the fiber melting mechanism, the vapor pressure reduces in the concrete matrix; thus, concrete resistance against spalling is improved. Furthermore, the type and content of recycled aggregate [41], the addition of admixtures and industrial wastes, such as rice husk ash [42], silica fume [43], ground granulated blast-furnace slag, and fly ash [44,45], unpredictably alter the physical properties, microstructure quality, and mechanical performance of FRAC. In addition, the heating and cooling method also affects the overall residual performance of concrete. For instance, the high-temperature, high heating rate, and holding time would result in lower residual mechanical properties and greater concrete spalling [46,47,48].



To apply FRAC in engineering structures, comprehensive knowledge regarding its mechanical performance and durability at high temperatures is indispensable. The available literature reveals that despite various research investigations made in the past, there are still some doubts with regard to the type and content of fiber and its influence on the temperature-dependent physio-chemical and mechanical properties of FRAC. Thus, it is important to elaborately review and critically discuss the relevant literature to realistically identify the prevailing attainments and highlight the potential research gaps in this field for further advancements. The current study presents information about the properties of reinforcing fibers such as SF, PP, and BF and comprehensive analysis and discussion of the residual mechanical properties, namely compressive strength, splitting tensile capacity, modulus of elasticity, concrete spalling, mass loss, and durability of FRAC. In addition, it provides the relationship between fiber content, RCA substitution level, and relative residual mechanical properties of FRAC that would help assess the effectiveness of these fibers at elevated temperatures. The flow chart shown in Figure 1 summarizes various key parameters of FRAC at elevated temperatures that are discussed in this comprehensive literature survey.




2. Review Methodology


In this review article, the up-to-date and relevant literature on the influence of elevated temperature on mechanical performance of fiber-reinforced recycled concrete was gathered from reliable resources. The keyword search consisted of the search strings “recycled aggregate concrete” and “mechanical properties at elevated temperatures”, “steel fiber reinforced concrete” and “mechanical properties at elevated temperatures”, “polypropylene fiber reinforced concrete” and “mechanical properties at elevated temperatures”, and “basalt fiber reinforced concrete” and “mechanical properties at elevated temperatures”. Based on the keyword search, the established literature was collected and analyzed in detail. After the collection of necessary literature data, the keywords were searched in the main title and then in the abstract of each paper to confirm their relevance with the chosen topic. The relevant articles were then selected in this review article for further analysis and discussion.




3. Challenges in the Use of Conventional Recycled Aggregate Concrete


3.1. Excessive Physical and Chemical Changes


RAC is a multi-phase and multi-scale material, and its properties greatly depend on the quality and composition of its constituent materials. On exposure to fire, the disintegration of its materials occurs due to a phenomenon called thermal inconsistency of ingredients [53,54,55]. Furthermore, the exposure of RAC to elevated temperature results in several physical and chemical alterations, as shown in Table 1, which consequently result in major strength degradation. Unlike conventional normal aggregate concrete, the matrix structure of RAC is inferior and is generally associated with the old cement mortar attached to the surface of RCA. The weak quality of RCA is due to the presence of microcracks possibly during the recycling process, which results in weak and fragile ITZs [56,57,58,59].




3.2. Inferior Microstructure


The microstructure composition and quality of recycled concrete majorly affect its physical properties and mechanical performance at elevated temperatures. Generally, the microstructure of a recycled concrete matrix (Figure 2) after exposure to fire demonstrates severe degradation alongside several microcracks, especially at the junction of new mortar and RCA (ITZ) [59,67]. Furthermore, with higher replacement levels of recycled aggregates, the microstructure quality becomes worse and vulnerable to higher defects due to elevated temperature [68,69,70,71]. This consequently results in the lower physical and mechanical performance of recycled concrete such as high porosity, high water absorption, greater mass loss, higher strength degradation, and lower density [72,73,74].




3.3. Residual Mechanical Performance


In terms of residual mechanical properties, several research studies found that the use of recycled aggregate in concrete as a substitute for NCA both in partial and complete replacement mode showed strength degradation with the rise in temperature [66,75]. The findings of Vieira et al. [66] revealed a maximum decrease of 12.2%, 36.1%, and 35.1% in the residual compressive loading strength, residual splitting tensile strength, and elastic modulus of recycled concrete exposed to 800 °C, respectively. Furthermore, the mechanical property degradation of RAC turns out to be more severe with the use of combined recycled fine and coarse gravels. For instance, Zhao et al. [60] reported a loss of about 9–87% and 5–96% in the residual compressive strength and modulus of elasticity of recycled concrete fabricated with recycled coarse and fine aggregate with a temperature increase from 200 °C to 800 °C. Furthermore, the origin and composition of RCA also affect the mechanical performance of RAC. For instance, the use of recycled quartzitic aggregate, recycled granitic crushed stone aggregate, and recycled siliceous aggregate will alter the mechanical performance of recycled concrete. The experimental results of [76] revealed that upon exposure to 500 °C, a reduction of about 21%, 27%, and 35% was observed in the values of ultrasonic pulse velocity (UPV) of RAC containing recycled quartzitic aggregate, recycled granitic crushed stone aggregate, and recycled siliceous aggregate, respectively. Similarly, in the case of dynamic elastic modulus and compressive strength, these recycled concretes showed 48%, 56%, and 73% and 5%, 10%, and 20% reduction. Other research studies [77,78] also indicate high compressive strength loss and excessive concrete spalling in recycled concrete after exposure to elevated temperatures, especially beyond 450 °C. In Figure 3, the post-fire condition of a typical RAC matrix is demonstrated which reveals degraded cement mortar having several microcracks and pores.



Moreover, the post-fire durability of RAC is adversely affected by elevated temperatures [62,66]. Available literature indicates that RAC containing 100% recycled aggregate results in greater water absorption, lower carbonation resistance, and increased volumetric shrinkage in comparison to NAC [80,81]. Similarly, the experimental findings of [79] indicated inferior microstructure of RAC comprised of partial (50%) and complete (100%) replacement of RCA. Their test results, as shown in Figure 4, depict a rise in the moisture absorption of RAC. This rise in the moisture absorption of RAC is generally ascribed to the lower concrete matrix quality (Figure 2 and Figure 3) which is mainly due to fragile cement–aggregate interphases, and porous mortar to the surface of RCA [71,82].



It is well established that the residual performance of RAC is critically affected due to exposure to high temperatures. To understand these further, we present a graphical relationship among the relative residual compressive strength, relative residual tensile strength, and relative residual modulus of elasticity of RAC with varying temperature and percentages of RCA in Figure 5, Figure 6 and Figure 7, respectively. Generally, the residual properties of RAC are undesirably affected at elevated temperatures. For instance, by increasing temperature from 25 to 800 °C, the relative residual compressive and splitting tensile strength of RAC reduced from 1.0 to 0.14 and from 1.0 to 0.24, respectively. This drop in the relative residual compressive strength and relative residual splitting tensile strength values is mainly owing to the weak and porous microstructure of RCA, which results in the inferior mechanical performance of concrete on exposure to high temperatures. Moreover, the outcomes of previous studies suggested that with a high heating rate and peak temperature, the degradation of microstructure and mechanical properties is more severe [60,75]. Furthermore, in the case of residual modulus of elasticity, a decrease from 1.0 to 0.05 occurs when temperature is increased from 25 to 800 °C. Furthermore, the available literature suggests that with both partial and complete replacement of NCA by RCA, there is a similar decreasing trend in the relative residual strength of RAC with rising temperature. A detailed summary of the available literature with regards to the residual properties of RAC after exposure to high temperatures is presented in Table 2.





4. Elevated Temperature Properties of FRAC


Fiber reinforcing is one of the effective and persuasive techniques that strengthen the microstructure of RAC and enhance its mechanical properties. Incorporation of a suitable type and dosage of fiber material helps RAC in improving the deficient interfacial transition zones (ITZs) and retarding the development and growth of microcracks, thereby resulting in better fracture properties, enhanced ductility, and excellent post-cracking behavior of recycled concrete. Among commercially available fibers, the SF [29,85,86,87,88], PP [84,89,90], BF [91,92,93,94], and GF [95,96] are commonly utilized in fiber-reinforced concrete. Figure 8 shows the percentage distribution of literature data reported in the period 2004–2021 on the topic of recycled aggregate concrete strengthened with fiber materials that depict the growing popularity of reinforcing fibers such as SF, PP, BF, and GF. The mechanical properties of FRAC at elevated temperatures may vary with changing mix composition, type and dosage of fiber, and percentage replacement of RCA, and mineral admixtures, i.e., silica fume, ground granulated blast-furnace slag, fly ash, etc. Among these factors, the content and type of fiber, and replacement percentage of RCA significantly influence the residual properties of FRAC; hence, they are the main focus of this study.



4.1. Fiber Material


In the past, various reinforcing materials, such as steel fiber [97,98], carbon fiber [99,100], glass fiber [101,102], basalt fiber [103,104], polyvinyl alcohol fiber [105,106], polypropylene fiber [107,108], cellulose fiber [109], nylon fiber [110,111], jute fiber [112], and other natural fibers [113,114,115,116] were utilized for the enhancement of mechanical and fracture properties of concrete. In the case of recycled aggregate concrete, few fiber materials (namely SF, PP, BF, and GF) have been widely used, owing to their incredible crack bridging and strength-enhancing abilities [117,118,119,120]. Among these, SF is the most persuasive reinforcing fiber that has a high tensile strength and melting temperature and it remarkably enhances the fracture mechanics in RAC [121]. PP belongs to the family of polymer fibers that possess a lightweight structure and imparts excellent toughness and shrinkage resistance to concrete [122,123,124]. BF is the new prominent synthetic fiber, widely recognized as a non-polluting green fiber, and it offers excellent tensile strength and thermo-chemical stability [125,126,127]. GF is the extremely fine fiber of glass that has a non-crystalline structure and possesses high tensile strength like SF. The sample of commonly used SF, PP, BF, and GF is displayed in Figure 9, while their material properties are presented in Table 3. To understand the post-fire mechanical properties and durability of FRAC, knowledge of the type and dosage of fiber is essential. Fiber material differs with regards to its physical, mechanical, and thermal properties, thus, it shows different functions when used in concrete. For instance, reinforcing fibers such as SF, BF, and GF possess high tensile strength and melting point that result in significant development in the residual properties of concrete, while the use of PP fiber can reduce pore vapor pressure and improve concrete resistance against spalling due to its lower melting temperature. Furthermore, the smaller dosages of fiber may be ineffective in terms of strength enhancement, while the higher dosages of fiber could lead to workability issues, difficulty in compaction, and strength reduction. Thus, it is also important to identify the optimum dosage of fiber material for its effective performance in the FRAC.




4.2. Mechanical Properties


The thermal endurance of fiber-reinforced recycled concrete during fire is vital for its application in modern-day buildings and other infrastructures. It has been widely reported that the mechanical properties of conventional recycled aggregate concrete highly degrade at elevated temperatures [54,131]. To overcome this issue, the technique of fiber reinforcing in recycled aggregate concrete is used, which at present is one of the most promising and persuasive strengthening techniques that results in better thermal endurance of FRAC. However, the choice of a suitable type and of volume fractions of reinforcing fiber along with percentage replacement of RCA is important for the desired performance of FRAC. To understand these factors, a detailed discussion regarding the residual mechanical properties and durability of FRAC is presented in the following sections.



4.2.1. Compressive Strength


Several laboratory investigations were performed in the past to assess the compressive strength of FRAC fabricated with various types and dosages of reinforcing fiber [19,28,49,132]. Generally, with increasing fiber content, the compressive strength of FRAC improves; however, beyond a certain limit it either results in an insignificant rise or causes strength degradation. For instance, the experimental results of [19] indicated that by adding 0–0.7% dosage of SF, the compressive loading capacity of FRAC improved by 0–24.7%, while test results of other researchers [133,134] suggested an insignificant rise in the values of compressive strength of FRAC with the further addition of SF. Similarly, in the case of PP fiber research studies, [49,135] concluded strength improvement of up to 25% with 1% volume fractions; however, with further addition (1.5%) of PP fiber, test results indicated a slight improvement of 7.73% in the values of compressive strength of FRAC [136]. Furthermore, BF and GF do not make an appreciable change in the compressive strength of FRAC. Alnahhal and Aljidda [137] in their study concluded about a 10.2% improvement in compressive strength with 1.5% volume fractions of BF while the experimental findings of Ali and Qureshi [132] revealed about a 6% increase in compressive strength of FRAC with 0.5% volume fractions of GF. A detailed discussion about the influence of these fibers on the compressive strength of FRAC reinforced with SF, PP, BF, and GF can be found in the recently published review article by Ahmed and Lim [138].



With regards to elevated temperature conditions, several attempts were made to counteract the adverse effects of fire on the mechanical performance of FRAC composites and to prevent the undesired structural failure of buildings and other infrastructures during a fire that may result from the loss of concrete strength. The incorporations of fiber materials such as SF, PP, BF, and GF were found to be highly influential in retaining most of the residual compressive strength of FRAC [32,37,50,51]. Owing to the remarkable reinforcing ability, these fibers help prevent excessive strength loss in FRAC even after exposure to elevated temperatures. Chen et al. [50] in their study added 0, 0.5, 1, and 1.5% volume fractions of SF in RAC and studied its compressive strength at elevated temperatures, i.e., 200, 400, and 600 °C. Their test results, as displayed in Figure 10, indicate significant improvement in the compressive strength of FRAC of about 12–29% at a temperature of 400 °C and 15–92% at a temperature of 600 °C with increasing SF dosage from 0.5–1.5%. Similarly, Guo et al. [32] evaluated the residual properties of recycled concrete reinforced with 1% of SF and found that RAC reinforced with SF retained about 84.3, 49.7, and 24.8% of its compressive strength at elevated temperatures of 200, 400, and 600 °C, respectively. Furthermore, a recent study [52] evaluated the mechanical behavior of RAC fabricated with 0.25, 0.5, and 1% of SF by concrete volume and exposed to elevated temperatures at 150, 300, 450, and 600 °C. Their findings showed a remarkable increase in the residual compressive strength at all temperatures due to the reinforcing ability of SF that resulted in uniform distribution of microcracks and prevention of strength loss. Maximum increases of about 26.3, 37.6, 29.4, and 40% were obtained with 1% dosage of SF exposed to 150, 300, 450, and 600 °C elevated temperatures, respectively. The use of SF was also found to be advantageous in enhancing the residual compressive strength of self-compacting lightweight recycled concrete exposed to 100, 300, 600, and 900 °C [51]. Furthermore, Xie et al. [139] explored the combined influence of silica fume and SF on the residual compressive stress–strain relationship of RAC and found that the SF was greatly influential in improving the stiffness and peak stress of recycled concrete. The authors attributed this to the better microstructure of RAC, owing to the addition of silica fume and SF that resulted in uniform distribution of internal stresses and improved crack resistance.



The incorporation of PP fiber in FRAC for the enhancement of mechanical properties has also been the topic of significant research [21,129,140,141,142]. At room temperature, the FRAC reinforced with 1% and 2% volume fractions of PP fiber was found to produce about 15.6% and 35.7% greater compressive strength than that of the control specimen [23]. Similarly, other researchers [38,51] also found a major improvement in the compressive strength of FRAC. In the case of elevated temperatures, unlike SF, the profitable effect of PP fiber in preventing strength loss of FRAC diminishes at high temperatures, specifically after 300 °C [51]. This is primarily due to the low thermal stability of PP fiber [40]. This impact of PP fiber on the residual strength of FRAC was also confirmed in [84], where a higher strength loss in recycled concrete reinforced with PP fiber after exposure to high temperature (600 °C) was reported. Furthermore, established results [38] indicated about a 74% decrease in compressive strength of FRAC reinforced with 3.3 kg/m3 and exposed to 1000 °C. However, other research studies [40,140] found better spalling resistance of FRAC reinforced with PP. In another study, Aslani and Kelin [51] investigated the residual properties of FRAC strengthened with 0.05, 0.1, 0.15, and 0.2% volume fractions of PP fiber and exposed to high temperatures of 100, 300, 600, and 900 °C. The authors observed a significant improvement of about 41% in the residual compressive strength with the addition of 0.1% dosage of PP fiber. The PP fiber can counteract the excessive physicochemical degradation inside the concrete matrix that may prevent the greater strength loss in the FRAC composites. For instance, the experiment findings of a recent study [140] as shown in Figure 11, revealed that the residual compressive strength of PP-fiber-based concrete was well improved in comparison to the reference concrete. In addition, this could also be associated with the lessening of vapor pressure in the FRAC matrix (Figure 12) due to the presence of voids and pressure-induced tangential spaces that result from the melting of PP fiber [108,143].



BF is a highly thermochemically stable and environmentally friendly fiber that improves the mechanical and fracture properties of concrete by virtue of its excellent crack resistance ability. Due to the small diameter, BF is greatly effective in bridging the microcracks in concrete and consequently results in enhanced fracture mechanics and ductility, and results in better post-cracking response [144,145,146]. At ambient temperature, the incorporation of BF in concrete was found to enhance the flexural strength capacity and fracture energy by 9–13% and 126–140%, respectively, and lower the abrasion wear by 2–18% [147]. In the case of elevated temperatures, only a few experimental investigations were reported that confirmed the usefulness of BF as a reinforcing material for the improvement in residual strength of FRAC. A recent study [37] assessed the mechanical properties of FRAC reinforced with 1, 2, and 3 kg/m3 dosages of BF and exposed to 200, 400, and 600 °C. The results as shown in Figure 13 indicate that at high temperatures (up to 400 °C), the residual compressive strength of FRAC reinforced with BF was better than that of the control specimen. Furthermore, a maximum increase of about 27.42% and 28.23% in the residual compressive strength of FRAC containing 2 and 3 kg/m3 of BF, respectively, were reported. Other studies [103,148] also discovered the better performance of BF in terms of enhancing the residual strength and thermal stability of recycled concrete at elevated temperatures. A detailed summary of the past studies regarding the effects of elevated temperature on mechanical properties of FRAC reinforced with SF, PP, and BF is shown in Table 4.



From the above detailed discussion, it is evident that among the commercially available fibers, SF is one of the most effective reinforcing fibers that, due to the crack bridging and reinforcing abilities, strengthens the microstructure of recycled concrete composites and counteracts the adverse effects of high temperatures on its compressive strength. It has been found that the dosage of SF greatly affects the residual compressive strength of FRAC. Based on the previous experimental findings shown in Table 4, it can be concluded that the volume fractions of SF up to 1.5% can be successfully utilized for the desired compressive strength of FRAC at elevated temperatures. However, some researchers argued that the thermal compatibility of SF and the concrete matrix is low which leads to ineffective bonding of SF with the adjacent concrete matrix as shown in Figure 14 [143]. The PP fiber, unlike SF, possesses a low melting point and tensile strength and thus has an insignificant contribution in preventing high strength loss of FRAC at high temperatures. However, from the literature [40,108,140], it was found that the incorporation of PP fiber (up to 0.5% volume fractions) could result in lower vapor pressure and better concrete spalling resistance at high temperatures. In the case of BF, the small diameter of fibers results in better crack resistance and improves the compressive strength of FRAC at high temperatures [37]. However, it has been also reported that the higher dosage of BF produces fragile ITZs due to the lower content of CSH near BF (Figure 15), which is undesirable [148]. To further understand the effect of varying content of BF on the compressive strength of FRAC at elevated temperatures, further research is required.




4.2.2. Splitting Tensile Strength


The splitting tensile strength of FRAC majorly depends on the initiation and propagation of microcracks inside the matrix. The addition of fiber in recycled aggregate concrete effectively controls the microcracks via crack reinforcing and crack bridging abilities and thereby results in improved splitting tensile strength capacity [149,150,151,152]. Various laboratory investigations confirmed the usefulness of reinforcing fibers such as SF, PP, and BF in the development of the splitting tensile capacity of RAC at ambient temperature [28,153,154]. Similarly, the crack prevention and retardation abilities of SF enable FRAC to retain splitting tensile strength at elevated temperatures. Established results [51] indicate improved residual splitting tensile loading capacity of FRAC reinforced with SF and exposed to elevated temperatures, i.e., 100, 300, 600, and 900 °C. An increase of about 47% in the residual tensile strength of FRAC with 0.25% dosage of SF was reported. In addition, the recycled concrete fabricated with SF depicted about 22.1% greater strength than that of PP-reinforced recycled concrete, exposed to 900 °C. The fiber-bridging ability of SF, as shown in Figure 16, greatly helps the weak matrix of the recycled concrete composite to withstand the greater splitting tensile load.



Similarly, other researchers [35,155] also discovered improvements in the splitting tensile strength of SF reinforced FRAC. Furthermore, SF results in better fiber–matrix interlocking which enables effective stress transferring from the surrounding concrete matrix to the fiber. This effect was also reported in a recent study [52] that assessed the influence of various quantities of SF on the residual splitting tensile capacity of FRAC exposed to elevated temperatures, i.e., 150, 300, 450, and 600 °C. The authors reported improvements of about 22.1, 31.9, and 59.9% at ambient temperature with the incorporation of 0.25, 0.5, and 1% volume fractions of SF, respectively. While considering the elevated temperature (600 °C), the tensile strength of SF-reinforced concrete was 2.2 times greater than that of the control specimen. Similarly, Gao et al. [155] performed an experimental investigation in order to gauge the usefulness of SF in the enhancement of ground granulated blast-furnace slag concrete. The content of SF equal to 0.5, 1, 1.5, and 2% was incorporated in concrete and subjected to elevated temperatures of 200, 400, 600, and 800 °C. The concrete specimen reinforced with SF performed better in terms of residual strength than that of concrete without SF. The authors found an increase of about 36.1% in the splitting tensile strength of concrete with an addition of 2% of SF. Furthermore, SF was also found effective in conjunction with PP that resulted in about 40% greater residual splitting capacity of high-strength concrete (HSC) in comparison to the control specimen [99].



The PP fiber has been widely known to improve the splitting tensile capacity of FRAC at room temperature due to its excellent crack arrestability [49,136,142]. The findings of previous studies suggested that the dosage of PP fiber up to 1.25% results in a major improvement in the splitting tensile strength of FRAC [135,138]. In the case of elevated temperatures, the usefulness of PP fiber is limited, owing to its low melting point, usually reported as 170 °C [40]. However, the findings of other studies [156,157] showed better thermal endurance of PP-fiber-reinforced concrete. Likewise, the experimental results of [33] concluded an improvement of about 7.7% and 15.4% in the residual tensile loading capacity of fiber-reinforced concrete (exposed to 400 °C) with the addition of 0.5% and 1% of waste PP fiber, respectively. Furthermore, Aslani and Kelin [51] investigated the influence of 0.05, 0.1, 0.15, and 0.2% volume fractions of PP fiber on the residual properties of recycled concrete and found that the tensile strength of PP-fiber-reinforced recycled concrete was better than that of the control specimen. Their key findings, as displayed in Figure 17, shows a maximum increase of about 22% in the residual splitting tensile loading strength with an addition of 0.1% of PP fiber. Moreover, the literature study [155] also revealed better tensile strength of ground-granulated-blast-furnace-slag-based concrete with the addition of PP fiber. The authors concluded strength improvements of about 9.5, 14.5, and 6.7% for the dosages 0.6, 0.9, and 1.2 kg/m3 of PP fiber, respectively, at an elevated temperature of 400 °C.



Similar to SF and PP fiber, the utilization of BF in FRAC was also found to be beneficial in improving the splitting tensile strength by several researchers [28,152]. BF, owing to its small diameter, helps the weak matrix of RAC to arrest the microcracks and improve its mechanical properties. However, considering the thermal–mechanical properties of BF-reinforced FRAC at high temperatures, limited work has been carried out in the past. A recent research study [37] explored the influence of 1, 2, and 3 kg/m3 dosages of BF on the residual properties of FRAC exposed to temperatures of 25, 200, 400, and 600 °C, and found better strength results for the BF-reinforced FRAC. Their test results depicted a maximum increase of about 60.9% (at 400 °C) in the tensile strength of FRAC with the addition of 2 kg/m3 of BF. Furthermore, the findings of [103] also suggested that an addition of 2% (by weight) dosage of BF in polymer concrete (at 250 °C) retained more than 80% of the splitting tensile strength, almost double that of the control specimen. The available literature suggests that the fiber-reinforcing technique is highly effective in preventing splitting tensile strength loss in FRAC at elevated temperatures. The residual splitting tensile strength of FRAC greatly depends on the type and quantity of the reinforcing fiber. Among the reinforcing fibers, the use of SF and BF in FRAC could better alleviate the adverse effects of elevated temperatures on the tensile strength owing to their excellent crack bridging and reinforcing capabilities. Unlike SF and BF, the PP fiber, owing to its low melting point and tensile strength, possesses an insignificant effect in the improvement in post-fire splitting tensile strength of FRAC. The summary of the previous experimental findings is presented in Table 4.




4.2.3. Modulus of Elasticity


The modulus of elasticity is one of the important indicators for assessing the thermal endurance of concrete at elevated temperatures. In general, the modulus of elasticity of FRAC depends on the constituent materials’ composition, properties of ITZ, and type and volume fractions of fiber. The literature has shown that among the residual mechanical properties of FRAC, the modulus of elasticity is most adversely affected at elevated temperatures [32,158]. The incorporation of a suitable type and dosage of the reinforcing fiber could prevent a greater loss of residual modulus of elasticity of FRAC at elevated temperatures. It has been found that at ambient temperature, the incorporation of fiber possesses little effect on the modulus of elasticity of FRAC; however, during high temperatures, the modulus of elasticity of FRAC was slightly better than that of conventional RAC [40]. These impacts of SF on the modulus of elasticity of FRAC were also reported by [50]. Their experimental findings, as shown in Figure 18, suggest lower elastic modulus of FRAC at room temperature. However, after exposure to high temperatures (400 °C and 600 °C), the FRAC reinforced with SF depicted slightly greater values of modulus of elasticity than those of conventional RAC. The findings of other studies [32,139] also depicted similar trends in the modulus of elasticity of FRAC reinforced with SF.



Similarly, the addition of PP fiber was also found useful in improving the residual elastic modulus of FRAC subjected to elevated temperatures. Furthermore, the findings of a recent study [51] indicated a better modulus of elasticity of PP-fiber-reinforced FRAC, up to a temperature of 300 °C. However, according to some other studies [140,159], the influence of PP fiber in the improvement in modulus of elasticity reduced with an increase in temperature, especially above 600 °C. BF is also discovered to be greatly effective in enhancing the residual modulus of elasticity of FRAC. For instance, a recent study [148] investigating the residual performance of FRAC with BF revealed that the dosage of BF, i.e., 2 kg/m3 and 6 kg/m3, helps the concrete matrix to retain about 87% of its modulus of elasticity of concrete after exposure to high temperature, i.e., 500 °C. This improved response of FRAC is attributed to the remarkable crack-arresting ability and thermally durable property of BFs in host concrete matrices as shown in Figure 19.




4.2.4. Concrete Spalling


Among the elevated temperature properties of concrete, spalling is an essential indicator that depicts the thermal endurance of concrete. This spalling phenomenon adversely affects concrete integrity and deteriorates its properties by exposing the inner part of concrete to the elevated temperature [160,161]. Generally, it has been observed that in a dense concrete microstructure and lower porosity, the chances of spalling are high as it causes hindrance for the escape of water vapor during high temperatures and thus favors concrete spalling [62,162]. In addition, the heating rate and temperature gradient between inner and outer concrete surfaces are also influential in concrete spalling [163]. The addition of a suitable type and dosage of SF can prevent spalling in FRAC at high temperatures. It is primarily ascribed to the better fiber matrix interaction in SF-reinforced concrete that counteracts the internal pore pressure and thermal stresses caused in the microstructure of FRAC due to high temperatures. For instance, the findings of [32] indicated improved concrete performance with the addition of SF in terms of concrete spalling resistance at higher temperatures. Similarly, the outcomes of [50] suggested no explosive concrete spalling in FRAC reinforced with SF at a low-temperature rate of 2.5 °C/min. On the contrary, some researchers [164,165] argued that the crack retardation and prevention abilities of SF could enhance the spalling chances in FRAC during high temperatures. In the case of PP fiber, the available literature [166,167,168] showed an increase in the spalling resistance of FRAC exposed to elevated temperatures. The melting of PP fiber makes microcavities inside the concrete matrix which helps in the lessening of pore vapor pressure and thereby prevents the spalling phenomenon [169]. This effect of PP fiber was also endorsed by other researchers [38,170]. Their findings revealed that despite low compressive strength at high temperature (1000 °C) the PP fiber-reinforced concrete showed excellent resistance against spalling. Furthermore, the addition of 0.22% and 0.44% volume fractions of PP fiber was found to be beneficial in preventing spalling in high-strength concrete and ultra-high-strength concrete, respectively, subjected to high temperatures above 600 °C [171,172]. Similarly, in the case of BF, significant improvements have been reported by researchers in the overall concrete cracking behavior (Figure 20) and spalling resistance of FRAC after exposure to high temperatures [173]. The small diameter of BF helps in the crack-bridging action which thereby upgrades the FRAC resistance against explosive concrete spalling due to increasing vapor at high temperatures [170].




4.2.5. Mass Loss


Mass loss is another key indicator for assessing the thermal endurance of FRAC exposed to high temperatures and it is expressed as the ratio of mass of concrete after the exposure to an elevated temperature to the mass of concrete at ambient temperature. The mass loss in FRAC majorly depends on the physicochemical changes that occur inside the matrix as a result of high temperature. In addition, aggregate properties also affect the mass loss of concrete. In Figure 21, the mass loss in FRAC with respect to elevated temperatures as reported in the literature [32,51,52,164] is presented. It has been found that both in the case of SF and PP-fiber-reinforced FRAC, the mass loss increases with rise in the temperature. It is mainly due to the loss of internal moisture and breakdown of calcium silicate hydrate (CSH). In addition, some researchers argued [40,174] that the use of low thermally stable fiber such as PP fiber could result in greater mass loss due to the melting of fiber. The findings of Aslani and Kelin [51] indicated mass loss of about 10% and 8% for FRAC containing 1% SF and 0.2% PP fiber, respectively, after exposure to 600 °C. When the temperature was further increased to 900 °C the same specimen demonstrated an approximate mass loss of 14% and 11%. Similarly, the outcomes of [32] revealed about 10.6% mass loss in FRAC reinforced with 1% SF after exposure to 900 °C. Other studies [52,164] also found similar trends in the mass loss of FRAC when exposed to elevated temperatures. In the case of BF, literature lacks sufficient information about the effect of elevated temperatures on the mass loss of FRAC and hence further research investigation is needed.




4.2.6. Durability


Durability is an important characteristic of concrete that indicates the quality of microstructure as well as the mechanical properties of concrete at elevated temperatures. Generally, the durability of concrete is measured through laboratory tests namely sorptivity, electrical resistance, water penetration depth, and weight loss [62,175,176]. It has been widely known that the microstructure of RAC is usually comprised of several micro and macro pores that not only result in inferior mechanical performance but also make concrete more vulnerable to chloride ion attacks. In addition, the exposure to high temperatures creates additional pores inside the concrete matrix that consequently result in high permeability and lower durability of concrete. The addition of fiber material in the FRAC has revealed improved durability performance in comparison to conventional RAC [45,177]. The findings of a recent experimental investigation [52] revealed that the inclusion of SF (up to 1% dosage, by volume) and 20% metakaolin in RAC retained most of its strength and showed high durability (lower mass loss rate). Similarly, the experiment findings of [176] also confirmed the usefulness of SF in terms of reducing sorptivity coefficient and decreasing water penetration depth of fiber-reinforced concrete at a temperature of 650 °C. The authors reported a significant reduction of about 55.46% and 42.09% in the sorptivity coefficient and water penetration depth. Unlike SF, the incorporation of PP fiber in FRAC could result in greater permeability at elevated temperatures. As explained earlier, the PP fiber belongs to the low-thermal-stability fibers, and upon exposure to elevated temperature it melts and thereby creates additional pores in the FRAC. Several researchers [172,178,179] reported that the permeability of FRAC reinforced with PP fiber and exposed to a temperature of 200 °C was significantly higher (about 85 to 100 times) than that of the control specimen. In the case of BF, the available literature lacks information about the post-fire durability of FRAC. To explore this aspect of BF-reinforced FRAC, further research is required.






5. Discussion


Fiber-reinforced recycled concrete produced with suitable reinforcing materials such as SF, PP, and BF offer greater benefits than conventional normal aggregate concrete. The incorporation of a suitable dosage of these fibers prevents the formation and propagation of microstructural cracks via their crack bridging and reinforcing abilities and thereby results in higher tensile strength capacity and fracture properties of FRAC. Furthermore, the fiber-reinforcing technique remarkably restrains the growth of shrinkage and thermal cracks and thus produces a durable FRAC. Based on the previous experimental findings, a detailed discussion about the dosage of fiber, replacement levels of recycled aggregate, and their influence on the mechanical properties of FRAC at elevated temperatures is presented in the following sections. It would help in establishing a thorough understanding about the content of SF, PP fiber, and BF for the desired mechanical properties of FRAC.



5.1. Compressive Strength


The impact of varying dosages of fiber and various replacement levels of RCA on the relative residual compressive strength of FRAC at various elevated temperatures is demonstrated in Figure 22. In the current study, the relative residual compressive strength of FRAC was determined by taking the ratio of compressive strength of FRAC at high temperatures to the compressive strength of FRAC at room temperature. The incorporation of SF and PP fiber helps recycled concrete in retaining its compressive strength at high temperatures. The findings of previous studies reveal that for the same elevated temperature condition, the residual compressive strength of FRAC enhances with an increase in the dosage of fiber [50,51]. For instance, at an elevated temperature of 200 °C, the utilization of 0.5, 1, and 1.5% volume fractions of SF showed an average residual compressive strength of 0.83, 0.87, and 0.88, respectively. Similarly, at 400 °C the average relative residual compressive strength was about 0.58, 0.59, and 0.73, while at 600 °C these values were recorded as 0.27, 0.3, and 0.49 for the respective SF dosages of 0.5, 1, and 1.5% [50].



Similarly, in the case of PP fiber, with the incorporation of 0.1, 0.15, and 0.2% dosages, the residual compressive strength of about 0.82, 0.95, and 1, respectively, was noted at elevated a temperature of 300 °C. Similarly, at 600 °C these dosages of PP fiber resulted in about 0.5, 0.72, and 0.67 residual compressive strength of FRAC [51]. Furthermore, with the increase in temperature, the compressive strength of FRAC reduces irrespective of the volume fractions and type of fiber. For instance, in the case of SF-reinforced FRAC, the previous experimental findings indicated a loss in the residual compressive strength from 0.84 to 0.21 when temperature was increased from 200 to 600 °C [32]. Other research studies also found a reduction in the residual compressive strength of FRAC in the range 1.0–0.22 when temperature was increased from 150 to 800 °C [52,139]. Similarly, in the case of PP-fiber-based FRAC, the residual compressive strength dropped significantly from 1.0 to 0.1 when temperature was raised from 300 to 900 °C [51]. In addition, unlike SF, the PP fiber was found to be less effective in preventing residual compressive strength loss at higher temperatures (beyond 600 °C) owing to its low melting point [108]. It has also been observed that with higher percentage replacement of RCA the relative residual compressive strength of concrete is reduced at elevated temperatures. For instance, for the equal volume fractions of SF (1%) the relative residual compressive strength of FRAC containing 25% and 100% RCA was 0.59 and 0.21, respectively [32,52]. Similarly, an increase in the dosage of BF shows a progressive increase in the values of relative strength. For instance, the 1%, 2%, and 3% content of BF shows residual strength of about 0.8–0.85 at 200 °C, 0.75–0.78 at 400 °C, and 0.42–0.46 at 600 °C [37].




5.2. Splitting Tensile Strength


The effects of varying volume fractions of fibers in conjunction with various replacement levels of RCA on the residual splitting tensile strength of FRAC at various elevated temperatures are shown in Figure 23. The relative residual splitting tensile strength was determined by taking the ratio of the splitting tensile strength of FRAC at elevated temperatures to the splitting tensile strength of FRAC at room temperature. It has been found that the addition of SF in the FRAC is greatly influential in the enhancement of residual tensile strength at elevated temperatures. The experimental study by [51] revealed that for the same elevated temperature (600 °C), the addition of SF dosage in the range 0.25–1% significantly improved the relative residual strength values of FRAC from 0.28 to 0.92. Similarly, at 900 °C the relative residual splitting tensile strength increased from 0.09 to 0.32 with increasing SF dosage in the range 0.25–1%. Similar trends in the residual tensile strength of FRAC were also found by [52]. However, it has also been noticed that like other mechanical properties of FRAC, the residual splitting tensile strength undergoes significant loss especially when exposed to 900 °C. On average, the FRAC reinforced with 1% volume fractions of SF and exposed to 900 °C depicted a strength loss of about 68% [51]. Unlike SF, the PP fiber is less effective in retaining the tensile strength of FRAC at elevated temperatures. Figure 23 depicts a significant drop in the relative residual splitting tensile strength of FRAC from 0.65 to 0.05 (with 0.05% of PP fiber), from 0.36 to 0.04 (with 0.1% of PP fiber), and from 0.78 to 0.042 (with 0.15% of PP fiber) when the temperature value is increased from 600 °C to 900 °C. Furthermore, the graph also suggests progressive improvements in the residual tensile capacity of FRAC in the case of BF. According to the research findings of [37], the FRAC showed about 0.82–0.97 residual tensile capacity at 400 °C, 0.4–0.6 at 600 °C, and 0.35–0.52 at 900 °C with the use of 1%, 2 %, and 3% content of BF. The findings of [103] also confirmed a similar increasing trend in the residual tensile capacity of FRAC with the use of BF.




5.3. Modulus of Elasticity


The influence of varying volume fractions of fiber in conjunction with various proportions of RCA on the residual modulus of elasticity of FRAC at high temperatures is shown in Figure 23. The relative residual modulus of elasticity was determined by taking the ratio of modulus of elasticity of FRAC at elevated temperatures to the modulus of elasticity of FRAC at room temperature. It can be seen from the below figure (Figure 24) that the elastic modulus of FRAC is severely affected at high temperatures. With the increase in the temperature from 200 to 600 °C, the values of relative residual modulus of elasticity of FRAC containing 0.5, 1, and 1.5% volume fractions of SF reduced from 0.72 to 0.03, from 0.69 to 0.03, and from 0.78 to 0.09, respectively [50]. Similarly, the findings of [32] indicated that the residual modulus of elasticity of FRAC reinforced with 1% SF decreased from 0.51 to 0.04 when the temperature was increased from 200 to 800 °C.



In the case of PP-fiber-reinforced FRAC, a similar degradation trend in the residual modulus of elasticity was noticed with the increase in temperature. For instance, the experimental results of [108] showed a reduction in the relative residual modulus of elasticity of FRAC containing 0.1% PP fiber from 0.34 to 0.13 when the temperature was increased from 600 to 800 °C. Similarly, the outcomes of [51] showed about 0.62, 0.31, and 0.02 relative residual modulus of elasticity of FRAC reinforced with 0.1% volume fractions of PP fiber at elevated temperatures of 300, 600, and 900 °C, respectively. In the case of BF-based FRAC, a similar decreasing trend was noticed in the residual modulus of elasticity with an increase in temperature. However, due to the remarkable crack-arresting ability and thermally durable property of BFs in the host concrete matrix (Figure 20), the overall performance was better in comparison to SF and PP fiber. For instance, the findings of [148] reveal that the dosage of BF, i.e., 2 kg/m3 and 6 kg/m3 can retain about 87% of the residual modulus of elasticity of FRAC after exposure to high temperature, i.e., 500 °C.





6. Future Research Need


From the above technical discussion, it can be inferred that the use of SF up to 1.5% dosage is effective in improving residual compressive and splitting tensile strength of FRAC exposed to high temperatures (up to 800 °C). However, it is less effective in preventing an abrupt loss in the residual modulus of elasticity of FRAC. In terms of concrete spalling resistance, controversies in the results were found. For instance, the outcomes of some studies [32,50] revealed better resistance of FRAC against the spalling phenomenon, while other studies [164,165] argued that the presence of fiber could enhance the spalling chances in FRAC during high temperatures. Moreover, unlike other fibers, the thermal compatibility of SF and the concrete matrix is low, which leads to ineffective bonding of SF with the adjacent concrete matrix and thereby lowers the overall effectiveness of fiber [143]. Although SF is one of the most persuasive reinforcing fibers, due to high cost, high resource consumption, and unfavorable environmental effects its applications are limited in practical engineering. To overcome these challenges and promote the applications of this fiber material, further research exploration is required in this regard.



Unlike SF, the profitable effect of PP fiber diminishes at high temperatures especially above 600 °C, owing to its low melting point. However, it is highly effective in preventing excessive concrete spalling. Furthermore, the tensile strength of PP fiber is lower in comparison to that of SF, thus, it offers limited usefulness for FRAC in terms of residual strength improvement. Similarly, the PP fiber is also less effective in improving the post-fire durability of FRAC as it leads to unwanted pores and cavities in the concrete matrix. BF is a relatively new and environmentally friendly fiber that could soon replace the traditional fiber materials due to its high strength and excellent thermally durable nature. Some preliminary investigations showed remarkable improvements in the residual mechanical performance of FRAC with the use of BF. To date, only few studies have assessed the usefulness of BF as a reinforcing fiber in FRAC and found significant improvement in the mechanical performance of FRAC at elevated temperatures. Furthermore, some researchers [148] argued that the choice of optimum dosage of BF is highly essential for its effectiveness as the high content of BF could result in fragile ITZs and lower density of concrete. This phenomenon may compromise the overall effectiveness of BF in FRAC. With regards to the post-fire durability performance of BF-reinforced FRAC, no information is reported in the literature so far. Hence, to establish further knowledge about the influence of various dosages of BF in conjunction with varying proportions of RCA on the residual strength and durability of FRAC, further research exploration is inevitably required.




7. Conclusions


The current review article has produced a comprehensive summary and analysis of recently established studies pertinent to the mechanical properties and durability of FRAC reinforced with varying contents of SF, PP fiber, and BF and exposed to elevated temperatures. Based on the detailed discussions above, the following conclusions are drawn.




	
Unlike normal aggregate concrete, the microstructure of RAC consists of weaker interfacial transition zones owing to the adhered cement mortar to the surface of RCA, which results in lower residual properties of RAC. On average, RAC containing 100% of RCA displays a significant loss of about 1.0–0.30 in relative compressive strength, a loss of about 1.0–0.34 in relative splitting tensile strength, and a loss of about 1.0–0.10 in relative modulus of elasticity upon exposure to high temperatures (25 °C to 800 °C).



	
The concrete spalling, mass loss, and durability are essential indicators in assessing the mechanical performance of concrete at high temperatures. Generally, the RAC containing higher replacement levels of RCA depicts greater concrete spalling, high mass loss, and lower durability after exposure to elevated temperatures (25 °C to 800 °C), due to a great deal of microstructural physio-chemical changes.



	
Among the available strengthening techniques, fiber reinforcing is an effective and persuasive technique that prevents and retards the microcracks via crack-bridging ability in the weak matrix of RAC, and thereby results in improved residual mechanical properties and durability in comparison to conventional concrete.



	
The mechanical performance of FRAC at elevated temperatures depends on several factors, such as the selection of the type of reinforcing fiber (i.e., SF, PP fiber, BF, etc.) and its volume fractions, the quality and replacement levels of RCA, and the heating condition (i.e., heating and cooling rate, maximum value of temperature, etc.).



	
The use of high strength and thermally stable fiber such as SF and BF could improve the crack resistance and mechanical properties in FRAC, while the incorporation of low thermally stable fiber such as PP fiber may prevent severe concrete spalling in FRAC at elevated temperatures.



	
Among the commercially available fibers, SF is the most widely used fiber due to its high strength and melting point that significantly improves the mechanical performance of FRAC at both ambient and elevated temperatures. A dosage of SF (up to 1.5% by volume) can retain an average of 50% of the residual compressive strength and 78% of the residual splitting tensile strength of FRAC, exposed to temperatures up to 600 °C.



	
The PP fiber has low tensile strength and melting point that offers limited usefulness in terms of residual mechanical properties of FRAC. However, due to its low melting point, it creates pathways for water vapor to escape and reduces the chances of microstructure damage due to internal pore pressure and temperature gradient, thus preventing the spalling phenomenon at elevated temperatures. An addition of PP fiber up to 0.5% could be effectively utilized in the FRAC for counteracting the adverse effects of elevated temperatures.



	
BF is widely known as an environmentally friendly and green fiber that possesses high tensile strength and excellent thermal stability. At room temperature, the dosage of BF up to 1.5% is found to remarkably improve the tensile capacity, flexural strength, and fracture toughness of FRAC. With regards to the mechanical response of FRAC at elevated temperatures, limited work has been conducted so far that reveals significant enhancements in the residual mechanical performance of FRAC. To know more about the effect of varying content of BF on the mechanical performance and durability of FRAC composites at high temperatures, further research is needed.
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Abbreviations




	BF
	basalt fiber



	C&D
	construction and demolition



	CF
	carbon fiber



	CO2
	carbon dioxide



	CSH
	calcium silicate hydrates



	FRAC
	fiber-reinforced recycled aggregate concrete



	GF
	glass fiber



	GPa
	gigapascal



	HSC
	high strength concrete



	ITZs
	interfacial transition zones



	kPa
	kilopascal



	MPa
	megapascal



	NAC
	normal aggregate concrete



	NCA
	normal concrete aggregate



	PP
	polypropylene



	RAC
	recycled aggregate concrete



	RCA
	recycled concrete aggregate



	SEM
	scanning electron microscope



	SF
	steel fiber



	UPV
	ultrasonic pulse velocity
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Figure 1. Systematic flowchart showing details of various key parameters of residual properties of FRAC that are covered in this review study [19,28,32,49,50,51,52]. 
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Figure 2. SEM micrographs of recycled concrete matrix (a) grade C25, and (b) grade C65, showing several microcracks after heating at 650 °C. Copyright permission is taken from [74]. 
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Figure 3. Interior surface of typical recycled concrete exposed to elevated temperature at 800 °C for 4 h. Copyright permission is taken from [79]. 
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Figure 4. The capillary water absorption coefficient of RAC. Copyright permission is obtained from [79]. 






Figure 4. The capillary water absorption coefficient of RAC. Copyright permission is obtained from [79].



[image: Buildings 12 00487 g004]







[image: Buildings 12 00487 g005 550] 





Figure 5. Relative compressive strength of RAC with varying elevated temperature and proportions of RCA [37,60,66,75,79]. 
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Figure 6. Relative splitting tensile strength of RAC with varying elevated temperature and proportions of RCA [66,75,79]. 
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Figure 7. Relative modulus of elasticity of RAC with varying elevated temperature and proportions of RCA [50,60,66,75]. 
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Figure 8. Details of literature data (2004–2021) on recycled aggregate concrete produced with frequently used fibers such as SF, PP, BF, and GF and all other synthetic and natural fibers. 
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Figure 9. Commonly used reinforcing fibers in recycled aggregate concrete. (a) SF, (b) PP, (c) BF, and (d) GF. Copyright permission is obtained from (a) [128], (b) [129], (c) [130], (d) [96]. 
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Figure 10. Effect of elevated temperatures on (a) compressive strength and (b) relative compressive strength of recycled concrete reinforced with SF. Copyright permission is obtained from [50]. 
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Figure 11. Variations in residual compressive strength of conventional and polypropylene-reinforced concrete with rising temperature, where L denotes the length of polypropylene fiber, i.e., 6 and 12 mm, while P denotes the volume fractions of polypropylene fiber, i.e., 1, 1.5, and 2 kg/m3. Copyright permission is obtained from [140]. 






Figure 11. Variations in residual compressive strength of conventional and polypropylene-reinforced concrete with rising temperature, where L denotes the length of polypropylene fiber, i.e., 6 and 12 mm, while P denotes the volume fractions of polypropylene fiber, i.e., 1, 1.5, and 2 kg/m3. Copyright permission is obtained from [140].
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Figure 12. Comparison of preheating and post-heating exposure of FRAC microstructure reinforced with PP fiber. (a) The micrograph shows that before heating the PP fibers are embedded in cement mortar and no sign of cracks. (b) The micrograph shows few microcracks and channels in concrete matrix due to the melting of PP fiber after heating to 200 °C. Copyright permission is obtained from [143]. 
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Figure 13. Influence of elevated temperatures on the relative residual compressive strength of (a) conventional recycled concrete, and (b) recycled concrete containing basalt fiber. Copyright permission is taken from [37]. 
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Figure 14. SEM micrographs of SF-based FRAC demonstrating SF and concrete matrix interaction (a) before heating and (b) after heating at 200 °C. Copyright permission is obtained from [143]. 
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Figure 15. SEM micrographs of BF-based FRAC demonstrate the effect of higher BF dosage and concrete matrix interaction at elevated temperature. Copyright permission is obtained from [148]. 
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Figure 16. Fiber reinforcing effect in recycled concrete tested for residual splitting capacity. Copyright permission is taken from [51]. 
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Figure 17. Impact of changing volume fractions of PP fiber and SF on the tensile loading capacity of FRAC. Copyright permission is obtained from [51]. 
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Figure 18. Young’s modulus of SF-reinforced recycled concrete at ambient and high temperatures. Copyright permission is obtained from [50]. 
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Figure 19. Microstructure of FRAC demonstrating the BF interaction with the host FRAC matrix at temperature exposure of (a) 200 °C and (b) 400 °C. Copyright permission is obtained from [37]. 
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Figure 20. The surface condition of BF based FRAC demonstrates physical appearance and crack development at 300 °C and 600 °C. Copyright permission is obtained from [170]. 






Figure 20. The surface condition of BF based FRAC demonstrates physical appearance and crack development at 300 °C and 600 °C. Copyright permission is obtained from [170].



[image: Buildings 12 00487 g020]







[image: Buildings 12 00487 g021 550] 





Figure 21. Variations in the mass loss of fiber-reinforced concrete with the increase in temperature [32,51,52,164]. 
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Figure 22. Influence of high temperatures and fiber quantities on relative residual compressive strength of FRAC [32,37,50,51,139]. 
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Figure 23. Effect of elevated temperatures and fiber dosages on relative residual splitting tensile strength of FRAC [37,51]. 
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Figure 24. Influence of high temperatures and fiber dosages on the relative residual modulus of elasticity of FRAC [32,50,51,139,148]. 
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Table 1. Physio-chemical changes in the microstructure of RAC with varying thermal exposure.
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	Refs.
	Temperature Range (°C)
	Physical and Microstructural Changes
	Hydration Products
	Water Evaporation





	[37,60,61,62]
	20–200
	At ambient temperature, the surface color of RAC is light gray. The internal microstructure of RAC remains compact and little or no significant changes occur. Above 100 °C, some microcracks originate in the paste matrix while aggregate phase remains stable.
	The chemical disintegration of ettringites starts. Aft and Afm phases dehydrates in the temperature range 110–150 °C.
	During this temperature range, concrete loses all its free water and adsorbed water. Exclusion of non-evaporable water (interlayer water and capillary water) starts above 100 °C.



	[42,62,63]
	200–400
	During this temperature range, surface color changes to yellowish, magnitude of cracking increases, relative concrete density decreases, and mass loss increases. Most of the aggregates still remain stable.
	Most of the ettringite decomposes, while some of the CH either decomposes into lime and water or converts into additional CSH gel.
	At about 300 °C, concrete loses interlayer water, while at 400 °C most of the capillary water is lost.



	[37,60]
	400–600
	Above 400 °C, the surface color of RAC turns to gray-brown, microcracks grow further, and their intensity increases. At 570 °C, there occurs volumetric expansion of quartz (present in most of the aggregates).
	Most of the CH crystals decompose due to evaporation of crystal water. Dehydration and decomposition of the CSH gel occurs.
	Crystal water evaporates which results in decomposition of CH and CSH content.



	[64,65,66]
	600–800
	The surface color of RAC becomes gray-white and its microstructure further deteriorates due to increase in porosity. Above 600 °C, decomposition of aggregate minerals occurs.
	Most of the CSH gel decomposes and results in weaker microstructure. Decomposition of calcium carbonate occurs.
	-



	[62]
	Above 800
	Complete deterioration of microstructure and excessive concrete spalling occurs.
	Concrete loses all its CSH gel content and results in poor mechanical properties.
	-
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Table 2. Residual properties of RAC at various temperature conditions and replacement percentages of recycled aggregate.
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	Refs.
	RCA
	Heating Temperature
	Heating Rate
	Mechanical Properties
	Remarks





	[79]
	50 and 100%
	300, 500, and 800 °C
	5 °C/min
	RAC with maximum replacement of recycled concrete showed 26.6% and 24.8% improvement in the residual compressive and splitting tensile strength after exposure to 800 °C.
	The porous ITZ in RAC prevents the pore vapor pressure and thus results in smaller inner cracking.



	[66]
	20, 50, and 100%
	400, 600, and 800 °C
	Standard fire
	RAC showed residual compressive strength of 78%, 75%, and 60%, residual splitting tensile strength equal to 82%, 65%, and 32%, and modulus of elasticity equal to 32%, 26%, and 11% at 400, 600, and 800 °C elevated temperatures, respectively.
	The mechanical performance of RAC at elevated temperatures significantly degrades with rise in RCA content.



	[60]
	50 and 100%
	200, 400, 600, and 800 °C
	12 °C/min
	Compressive strength of RAC decreased in the range 9–20%, 33–40%, 62–71%, and 83–87% after exposure to 200, 400, 600, and 800 °C, respectively.
	No concrete spalling was observed in RAC on exposure to elevated temperatures.



	[76]
	75%
	500 °C
	-
	Ultrasonic pulse velocity decreased by 45%, dynamic modulus of elasticity reduced by 77%, static modulus decreased by 49%, and compressive strength reduced by 21%.
	RAC fabricated with lower water to cement ratio was better in terms of elevated thermal–mechanical performance.



	[78]
	100%
	150, 300, 450, and 600 °C
	Standard fire
	RCA combined with 2% crumb rubber depicted 8.74% improvement in the residual unconfined compression strength at exposure temperature of 450 °C.
	Excessive concrete spalling was observed when temperature value was greater than 450 °C.



	[83]
	30, 50, 70, and 100%
	300, 400, and 500 °C
	-
	Relative residual compressive strength and residual peak strains showed maximum values of 0.99, 0.98, and 1.22, and 1.09, 1.21, and 1.05 for temperature exposures of 300, 400, and 500 °C, respectively.
	Higher content of RCA results in higher compressive strains and greater damage in concrete on exposure to high temperatures.



	[84]
	50 and 100%
	600 and 800 °C
	8 °C/min
	Maximum reduction of 70 and 85% was found in the compressive strength of RAC on exposure to 600 and 800 °C, respectively.
	During high temperatures, the mechanical properties of RAC highly degrades due to the weak ITZ and porous microstructure of recycled aggregate.



	[59]
	30 and 100%
	500 °C
	2 °C/min
	All samples fabricated with RCA showed strength degradation (less than 40%) when exposed to 500 °C.
	The weak mechanical performance of RAC is largely due to the inferior quality of recycled aggregates.



	[75]
	50 and 100%
	250, 500, and 750 °C
	10 °C/min
	RAC showed about 11%, 8%, and 50% loss in residual compressive strength and 20%, 12%, and 54% loss in residual splitting tensile strength after exposure to 250, 500, and 750 °C respectively.
	RAC with 50% RCA presented better residual mechanical properties than conventional concrete.



	[77]
	30, 50, 70, and 100%
	200, 300, 400, 500, 600, 700, and 800 °C
	Standard fire
	Residual compressive strength of RAC decreased by more than 75% when temperature was increased to 800 °C.
	Despite low strength, RAC showed better spalling resistance at high temperatures.
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Table 3. Physical properties of SF, GF, BF, and PP [40].






Table 3. Physical properties of SF, GF, BF, and PP [40].





	Type of Fiber
	Tensile Strength

(MPa)
	Young’s Modulus

(GPa)
	Specific

Gravity
	Melting Point

(°C)





	Steel fiber
	2760
	200
	7.8
	1370



	Glass fiber
	1034–3792
	72
	2.5–2.7
	860



	Basalt fiber
	872–2800
	89
	2.8
	1700



	Polypropylene fiber
	552–690
	3.45
	0.9
	170
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Table 4. Effects of type and dosages of fiber on the elevated thermal–mechanical properties of FRAC.
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	Refs.
	Fiber Type and Dosage
	RCA
	Heating Temperature
	Heating Rate
	Mechanical Properties
	Remarks





	[50]
	SF (0, 0.5, 1, and 1.5%) by volume
	100%
	200, 400, and 600 °C
	2.5 °C/min
	RAC reinforced with maximum SF dosage showed 69.56% and 77.94% reduction in maximum crack width and improvement of 266.67% and 131.82% in the toughness values at exposure to temperatures 400 and 600 °C, respectively.
	With addition of 1.5% SF dosage, higher residual compressive strength can be obtained. The low heating rate prevents excessive concrete spalling.



	[32]
	SF (1%) by volume
	100%
	200, 400, and 600 °C
	8 °C/min
	RAC containing 1% SF and 4% crumb rubber showed 16.48% and 25.24% increase in the residual compressive strength and Young’s modulus, respectively, at 600 °C.
	Utilization of 1% SF in conjunction with 4% crumb rubber exhibited improved thermal endurance in RAC.



	[52]
	SF (0, 0.25, 0.5, and 1%) by volume
	25%
	150, 300, 450, and 600 °C
	Standard fire
	Addition of 1% SF and 20% metakaolin in RAC presented 12.33% reduction in mass loss, 61.6% improvement in the residual compressive strength, and 2.2 times greater residual splitting tensile strength after exposure of 600 °C.
	The synergic effect of SF and metakaolin exhibited enhanced thermal endurance of recycled concrete.



	[51]
	SF (0, 0.25, 0.5, 0.75, and 1%) and PP (0, 0.05, 0.1, 0.15, and 0.2%) by volume
	20%
	100, 300, 600, and 900 °C
	Standard fire
	Overall, addition of SF and PP improved the residual properties of recycled concrete. SF-reinforced concrete showed 22.1% greater residual splitting tensile strength in comparison to PP-reinforced concrete after exposure to 900 °C elevated temperature.
	Addition of SF and PP up to dosages of 1% and 0.15%, respectively, enhanced the residual mechanical properties of concrete.



	[139]
	SF (1%) by volume
	100%
	200, 400, 600, and 800 °C
	2.5 °C/min
	Incorporation of 1% SF resulted in 15.28% increase in peak strain, 123.19% enhancement in residual compressive strength, and 89.66% improvement in elastic modulus of recycled concrete after exposure to 800 °C.
	SF, owing to the crack bridging action, presented better mechanical properties of RAC at elevated temperatures.



	[35]
	SF (0, 0.25, 0.5, and 1%) by volume
	100%
	200, 400, and 600 °C
	2.5 °C/min
	RAC with 1% SF dosage displayed 42.42% reduction in maximum crack width, 5.53% decrease in mass loss, 170.19% increase in peak load value, and 344.44% improvement in CMOD, at elevated temperature of 600 °C.
	At elevated temperatures, SF remarkably improves the fracture energy and toughness of RAC by delaying and preventing crack initiation and propagation, respectively.



	[38]
	PP (3.3 kg/m3)
	100%
	1000 °C
	10.88 °C/min
	At ambient temperature, recycled concrete showed 2% increase in compressive strength, while at elevated temperature it retained only 26% of its initial compressive strength.
	The use of PP in RAC is beneficial in terms of spalling resistance at high temperatures.



	[108]
	PP (0.3 and 0.5%) and Jute fiber (0.3 and 0.5%) by volume
	100%
	>600 °C
	Standard fire
	Recycled concrete reinforced with 0.5% dosages of PP and jute fiber displayed lower vapor pressure, improved spalling resistance, and comparatively lower damage after exposure to elevated temperature.
	PP and Jute fiber effectively prevent the heat-induced spalling in recycled concrete via creating voids and pressure-induced tangential spaces.



	[84]
	PP (0.1%) by weight
	50 and 100%
	600 and 800 °C
	8 °C/min
	PP-reinforced concrete showed significant compressive strength reduction of about 40% on exposure to 800 °C.
	The melting of PP at higher temperatures results in voids and causes strength degradation.



	[37]
	BF (0, 1, 2, and 3 kg·m−3)
	50 and 100%
	200, 400, and 600 °C
	5 °C/min
	In the case of 50% RCA, the residual splitting tensile and compressive strength increased by 10.58% and 28.23%, respectively, with maximum BF dosage, while in the case of 100% RCA these strengths showed improvement of 60.93% and 4.47% with 2 and 3 kg·m−3 BF dosage, respectively.
	BF, owing to its remarkable, crack arrestability, improve the residual mechanical properties of RAC.
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